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In the preceding paper it was shown that the attachment of tyrosine, tryptophan or phenylalanine peptides to gelatin converts it into a relatively powerful antigen. The serological specificity of these gelatin derivatives varied according to the nature and the length of the peptides attached.
Thus the specificity of polytyrosyl gelatin (10 % of tyrosine residues) and polytryptophyl gelatin (25 % of tryptophan residues) was due, respectively, to polytyrosine and polytryptophan chains, but not to gelatin. On the other hand, with polyphenylalanyl gelatin (9 % of phenylalanine residues), it could be shown that the specificity is associated not only with the phenylalanine chains but also with gelatin itself.
In view of these findings it seemed of interest to enquire how the potency of the new antigens depends on the number of amino acids attached to gelatin. By enhancement or increase in antigenicity we understand an increase, relative to gelatin, in the eliciting of antibodies by these antigens, even if they are serologically different. It also seemed worthwhile to examine the change in the serological specificity of polypeptidyl gelatins as a function of the length of the polypeptides attached.
In this paper we report the results of an investigation of the extent of antigenicity and the antigenic specificity of a series of polytyrosyl gelatins differing in their tyrosine content. We have found that the attachment of 2 % of tyrosine to gelatin suffices to convert it into a relatively strong antigen. Yet the specificity of this antigen is due mainly to gelatin.
In view of the assumed role of polar groups in the antigenic specificity of proteins, we have also investigated the antigenicity of gelatin enriched with copolymers of tyrosine and glutamic acid.
Although the attachment of polar amino acid residues alone does not significantly enhance the antigenicity of gelatin (Sela & Arnon, 1960) , glutamic acid in company with tyrosine affected both the extent and the specificity of the immunological response.
EXPERIMENTAL

Materials
Amino acids and peptides are abbreviated as in Sanger (1952) (see Sela & Amnon, 1960) . The samples of gelatin, egg albumin, edestin, poly-L-glutamic acid and tri-Ltyrosine ethyl ester were described in the preceding paper (Sela & Arnon, 1960 ).
The polytyrosyl gelatins described below were prepared from gelatin and the corresponding N-carboxytyrosine anhydrides according to the method for the synthesis of polypeptidyl gelatins given previously (Sela & Arnon, 1960) .
Poly-L-tyrosyl gelatin A (pTyrGel A). This was prepared by the reaction of O-benzyloxycarbonyl-N-carboxy-Ltyrosine anhydride with gelatin, followed by the removal of the benzyloxycarbonyl groups of the modified gelatin with anhydrous hydrogen bromide. This sample was denoted in the preceding paper as pTyrGel.
Poly-L-tyroSyl gelatin B (pTyrGel B) and poly-L-tyro8yl gelatin ( (pTyrGel C). These were prepared by adding respectively 0*75 and 0-15 m-mole of N-carboxy-L-tyrosine anhydride )/g. of gelatin. In these cases unprotected carboxytyrosine anhydride was used, as it was found that, under the conditions of polymerization used, the phenolic hydroxyl groups do not interfere with the reaction. The water-soluble reaction products were dialysed against distilled water at 20 for 3 days and lyophilized.
Copoly-(L-glutamyl, L-tyrosyl) gelatin (pGluTyrGel). This (see Table 1 ) was prepared by adding a mixture of 1-5 mmole of y-benzyl N-carboxy-L-glutamate anhydride and 1 m-mole of N-carboxy-L-tyrosine anhydride/g. of gelatin. After the completion of the reaction 2 vol. of cold acetone were added, and the precipitated gelatin derivative was washed with acetone and dried in vacuo over phosphorus pentoxide. The benzyl groups were removed by the action of anhydrous hydrogen bromide in acetic acid at 20 for 65 hr. . pGluTyrGel was precipitated with ether, dissolved in water at pH 7 0 (N-sodium hydroxide was added for the neutralization), dialysed against distilled water at 2°for 3 days and lyophilized. Labelled pGluTyrGel. This was prepared by iodination of pGluTyrGel with ls3I (150pLc/10 mg.) according to Talmage, Baker & Akeson (1954) . The substance isolated after exhaustive dialysis had a radioactivity of 700 000 counts/ min./mg.
All the other polypeptidyl gelatins, polytyrosyl egg albumin and polytyrosyl edestin, as well as all the copolymers containing tyrosine, were described in the preceding paper (Sela & Arnon, 1960) .
Methods
Amino acid analysis. The content of tyrosine in the various gelatin derivatives was calculated from the extinction of an alkaline solution (pH 13.0) at 293-5 me.
In order to determine the content of glutamic aoid in pGluTyrGel, the gelatin derivative was hydrolysed with 6N-hydrochloric acid at 1050 for 24 hr. The hydrolysate was subjected to paper electrophoresis on Whatman no. 1 filter paper in a phthalate buffer, 0-025M, pH 5-92 (5410 g. of potassium hydrogen phthalate and 0-86 g. of sodium hydroxide in 11. of water), at a potential gradient of lOv/ cm., at 250, for 2 hr. It was then chromatographed in the second dimension in butanol-acetic acid-water (50:12:50, by vol.) for 48 hr. Glutamic acid was estimated by ninhydrin colorimetry (Kay, Harris & Entenman, 1956) .
Hydroxyproline was determined in the hydrolysates (6N-hydrochloric acid; 1050, 24 hr.) ofthe antigen-antibody precipitates, as well as in the hydrolysates of the gelatin derivatives themselves, by the method of Neuman & Logan (1950) .
Dinitrophenylation. Dinitrophenylation of the various gelatin derivatives was carried out at pH 9-0 at 400 for 90 min. Dinitrophenyl (DNP)-tyrosine, DNP-glutamic acid and c-N-DNP-lysine were determined colorimetrically after hydrolysis (Levy, 1954; Anfinsen, Sela & Tritch, 1956 ).
Immunization. Immunization procedures, quantitative precipitin tests and inhibition studies were performed as described in the preceding paper (Sela & Arnon, 1960 Electrophoretic analyses. Analyses of the sera were made on Whatman no. 1 filter-paper strips in Michaelis buffer (I 0.1), pH 8-6, at a potential gradient 2v/cm., at 250 for 17 hr.
RESULTS
The polytyrosyl gelatin derivatives were investigated for their antigenicity in rabbits. All antisera gave positive precipitin tests. Antibodies against the three polytyrosyl gelatins differing in their tyrosine content (pTyrGel A, pTyrGel B and pTyrGel C) could be cross-precipitated with all the compounds listed in Table 1 . On the other hand, antibodies to the gelatin derivative containing both tyrosine and glutamic acid (pGluTyrGel) could be precipitated only by the homologous antigen. Additional information about the chemical nature of the immunologically active groups on the antigen molecules was obtained from a study of the inhibition of the specific precipitin reactions with the help of various protein derivatives and copolymers of a-amino acids.
Precipitin reactions with homologous antigens Table 2 gives the analysis of the precipitates from the antisera against the polytyrosyl gelatin derivatives listed in Table 1 , tested with the respective homologous antigens. The amount of antigen in the precipitate was calculated from its hydroxyproline content. The amount of antibody was obtained from the extinction of solutions of the precipitates at 280 mpc, after deducting the extinction of the antigen present. The data for pTyrGel A were reported in the preceding paper (pTyrGel, see Sela & Arnon, 1960) , but are given here for comparison.
The maximal amounts of antibodies that could be precipitated from the antisera against the various polytyrosyl gelatins, as a function of their tyrosine content, are shown in Fig. 1 . These results were obtained with the usual precipitin techniques, and under such conditions antibodies to gelatin were not precipitated. As seen from Fig. 1 , there was almost no change in the extent of antigenicity as the enrichment of gelatin with tyrosine residues was lowered from 11 to 6 %. Gelatin enriched with 2-4 % of tyrosine residues still elicited a considerable amount of antibodies, though significantly less than the other polytyrosyl gelatins. Additional decrease in the tyrosine content seems to cause a steep decrease in antigenicity. Since only two animals were used in each experiment, the quantitative values of the differences must be $ Determined from the absorptions of the DNP-amino acids attached, and of e-DNP-lysine, recovered from the hydrolysates of the dinitrophenylated derivatives. § Calculated, assuming 30-6 lysine residues/100 000 g. of gelatin (Eastoe, 1955) . I! DNP-Tyr accounted for 77 moles % of the total xc-amino content; DNP-Glu accounted for the other 23 moles %. taken with some reservation. Qualitatively, however, the differences are quite clear. pGluTyrGel is the most powerful among the antigens investigated (Table 2 ). This derivative, in which gelatin was enriched with 6 0 % of tyrosine residues as well as 3-5 % of glutamic acid residues, precipitated in the equivalence zone 766 jig. of antibodies from 1 ml. of the corresponding antiserum. This should be compared with the maximal precipitation of 470 jug. of antibodies against pTyrGel B by the homologous antigen, in which gelatin was enriched with 5-7 % of tyrosine residues exclusively.
Cro88-precipitations All the polytyrosyl gelatin derivatives investigated yielded precipitates when added to the antiserum against pTyrGel A. Fig. 2 shows the extinctions of the solutions of these precipitates as a function of the amount of the gelatin derivative added. As the tyrosine content of the antigen is lowered, less and less antibodies are precipitated in the equivalence zones, and higher amounts of the antigens are needed to cause maximal precipitation. pGluTyrGel and pTyrGel B contain almost the same percentage of tyrosine and it seems therefore of interest that they give very similar precipitin curves. Fig. 3 gives the precipitin curves of the various polytyrosyl derivatives of gelatin with the antiserum against pTyrGel B. The amount of the anti-bodies precipitated by the homologous antigen is somewhat higher than the amounts obtained by precipitation with the other antigens. Either an increase or a decrease in the tyrosine content of the precipitant caused a decrease in the extent of the precipitation. The differences between the various precipitin curves are smaller in this case than in that of either anti-pTyrGel A (Fig. 2) or antipTyrGel C (Fig. 4) . This is not surprising, because the maximal difference in tyrosine content between pTyrGel B and any other polytyrosyl gelatin derivative is smaller than for pTyrGel A and pTyrGel C. E 500 1000 1500 2000 2500 3000
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Anti-pTyrGel C could be precipitated not only by all the four polytyrosyl gelatins investigated, but also by unmodified gelatin (Fig. 4) , as well as by gelatin enriched with alanine, glutamic acid, lysine, cysteine, phenylalanine or tryptophan. The homologous antigen was again the best precipitant. These findings demonstrate that gelatin, rather than the polytyrosine chains, determines the specificity of pTyrGel C. The fact that gelatin is a E Antigen added (pg./ml. of serum) 
.
Copolymer added (mg./mi. of serum) Fig. 5 better precipitant of the antibodies to pTyrGel C than is pTyrGel A shows that the presence of short tyrosine chains does not significantly influence the antigenic specificity of gelatin. In contrast with the three polytyrosyl gelatins, the gelatin derivative containing both tyrosine and glutamic acid elicited antibodies which were precipitated only by the homologous antigen. These antibodies were not precipitated by polyglutamyl gelatin, by any of the polytyrosyl gelatins or by mixtures of polyglutamyl gelatin or polyglutamic acid with the various polytyrosyl gelatins. The only other substance which caused precipitation of the antibodies to pGluTyrGel was a copolymer of L-tyrosine and L-glutamic acid in a residue molar ratio 1:1 (curve A in Fig. 5 ). The precipitation occurs only at high concentrations of the copolymer.
No precipitation occurred when any of the following substances was added to each of the four antisera investigated: egg albumin, polytyrosyl egg albumin, tyrosine, trityrosine, copolymers of L-tyrosine and L-glutamic acid in residue molar ratios of 1: 4 and 1: 9, and a copolymer of Ltyrosine, L-leucine and L-glutamic acid in a residue molar ratio of 1: 1: 1. No precipitation occurred when gelatin, unmodified or enriched with various amino acids, was added to pTyrGel A, pTyrGel B or pGluTyrGel, nor when a copolymer of Ltyrosine and L-glutamic acid in a residue molar ratio 1 :1 was added to the three polytyrosyl gelatins.
Inhibition studies
The results of studying the inhibition of the specific precipitin reaction with various reagents are given in Table 3 .
The change in the antigenic specificity as the tyrosine content of the gelatin derivatives is decreased is illustrated in the inhibition experiments with the copolymers of L-tyrosine and Lglutamic acid in a molar ratio of 1:1, and of Ltyrosine, L-leucine and L-glutamic acid in a molar ratio of 1: 1: 1. Both copolymers are efficient inhibitors of the systems in which the antigen is rich in tyrosine but have almost no effect on the precipitation of pTyrGel C-anti-pTyrGel C, where the antigen is enriched with only 2-4% of tyrosine residues. pTyrGel A and pTyrGel B contain tyrosine as peptide sequences, whereas in pTyrGel C tyrosine is attached to the amino groups of gelatin as a monomeric unit. On the other hand, the copolymers possess a random sequence, i.e. they may contain in their chains, to some extent, regions of repeating units of tyrosine. The copolymer of L-tyrosine and L-glutamic acid in molar ratio of 1:4 is a more effective inhibitor of the pTyrGel B-anti-pTyrGel B system than of the systems in which the antigen is either richer or poorer in tyrosine. The copolymer of Tyr: Glu, molar ratio 1:9, in which the chance of tyrosine peptide sequences is extremely small, does not significantly inhibit any of the precipitin reactions investigated. It seems that tyrosine peptide chains Table 3 . Inhibition te8t8 In all cases 50, 200 and 1000 jiLg. quantities of the inhibiting substance were added to 0-2 ml. of each antiserum, 30 min before the addition of the homologous antigen. -, Complete inhibition even at the lowest inhibitor concentration; ±, complete inhibition at the highest inhibitor concentration, inhibitory influence even at the lowest concentration; +, partial inhibition at the highest concentration, no effect at the lowest concentration; + +, only slight inhibition at the highest concentration; + + +, no inhibitory effect. are involved in the antigenic specificity ofpTyrGelA and pTyrGel B. The inhibitory effect of polytyrosyl egg albumin and polytyrosyl edestin is in agreement with this conclusion. The inability of trityrosine to inhibit the precipitin reactions suggests that the tyrosine peptide sequences must form a part of a macromolecule in order to be effective. Neither unmodified gelatin nor gelatin enriched with amino acids other than tyrosine inhibited the pTyrGel A-anti-pTyrGel A system. They caused only a partial inhibition of the pTyrGel B-antipTyrGel B system, and were very effective with the pTyrGel C-anti-pTyrGel C system, both as precipitants and inhibitors. It may be concluded from these experiments that the antigenic specificity of pTyrGel C, and to some extent of pTyrGel B, is associated with the gelatin moiety.
With the pGluTyrGel system none of the following substances had any inhibitory effect: gelatin, polyglutamyl gelatin, the three polytyrosyl gelatins and mixtures of polyglutamyl gelatin, polyglutamic acid or glutamic acid with the various polytyrosyl gelatins or tyrosine. All the copolymers listed in Table 3 were also tested for their influence on this system. Only the copolymer of Tyr: Glu (1: 1) was effective, as an inhibitor at lower concentrations and as a precipitant at higher concentrations (Fig. 5) . Curve A of Fig. 5 shows the precipitation of the antibodies to pGluTyrGel with the copolymer. Curve B shows that the amount of precipitate formed upon addition of the homologous antigen, half an hour after the addition of the copolymer, decreases with the increase in the concentration of the copolymer. At copolymer levels high enough to cause considerable precipitation of anti-pGluTyrGel, addition ofthehomologous antigen did not increase the amount of the precipitate. The inhibitory effect of the copolymer is demonstrated also in curve C, which shows the decrease in the homologous antigen content of the precipitates as a function of the copolymer concentration. It may be concluded therefore that the copolymer indeed reacts specifically with the antibodies to pGluTyrGel.
Non-precipitable antibodie8
With all the gelatin derivatives investigated, only a part of the antigen added was found in the precipitates in the equivalence zone. As at high antibody-antigen ratios all the antigen was present in the precipitate, it was concluded that the antigen not found in the precipitate in the equivalence zone is bound to non-precipitable antibodies (Sela & Arnon, 1960) . The existence of this soluble complex in the supernatant fluid could not be demonstrated by electrophoretic separation, as the polypeptidyl gelatins migrated close to the yglobulins under the conditions used for the resolution of the serum components. Only with pGluTyrGel could the presence of non-precipitable antibodies be shown unequivocally.
1311-labelled pGluTyrGel was used for this experiment. Quantities of 20, 70 and 300 jig. were added to 1 ml. of the anti-pGluTyrGel serum. The precipitates formed after 48 hr. were centrifuged off and the supernatant fluids were subjected to electrophoresis on paper strips. A control experiment, performed with a mixture of rabbit normal serum (1 ml.) with 300 jLg. of the labelled antigen, was performed. After drying of the paper strips, they were radioautographed for 16 days on Kodak AA film.
No radioactivity was found in the supernatant fluid from the antibody-excess zone (20 ,ug. of antigen/ml. of serum). In the supernatant fluid from the equivalence zone (70 pg. of antigen/ml. of serum) almost all of the radioactivity was found in the y-globulin region, and only traces of the free antigen, which migrates between a-and ,-globulins, were present. In the antigen-excess region (300 pg. of antigen/ml. of serum) one large black stain appeared on the radioautogram, covering the zones both of the y-globulin and of the free antigen.
In the control experiment no radioactivity was found in the area of the y-globulins; the blackening occurred only in the region occupied by the free antigen. Thus the antigen investigated does not react with normal serum to give non-specific complexes that would migrate with y-globulin. It may be concluded therefore that the soluble complex formed by pGluTyrGel and y-globulins results from the interaction of the antigen with the specific antibodies. DISCUSSION It may be concluded from the experiments described that the extent of the antigenicity of the gelatin derivatives depends on the amount of aromatic oc-amino acid attached. At the same time the serological specificity of the gelatin derivatives changes strongly with variations in the tyrosine content. Cross-precipitation and inhibition experiments demonstrate that the specificity of the antigens is determined by the length of the peptide chains attached to gelatin. Thus the antigenic specificity of pTyrGel A resides exclusively in the tyrosine peptide chains. With pTyrGel B both gelatin and compounds containing tyrosine had an effect on the specific precipitin reaction, whereas with pTyrGel C almost all the serological specificity is due to the gelatin moiety. The attachment of monomeric units of tyrosine to half the amino groups of gelatin caused a strong enhancement in antigenicity, essentially without changing the specificity.
Whereas the attachment of polar amino acid residues to gelatin caused almost no change in the extent of antigenicity (Sela & Arnon, 1960) , the enrichment of gelatin with both tyrosine and glutamic acid yielded an antigen that elicited more antibodies than a polytyrosyl gelatin with a similar tyrosine content. The antibodies to pGluTyrGel &re specific. This is in agreement with the common assumption that the polar groups strongly influence the antigenic specificity of proteins. The only substance that interacted with, and even precipitated, these antibodies was a copolymer of glutamic acid and tyrosine, thus indicating that all the antigenic specificity lies in the peptide chains attached to gelatin.
Electrophoretic experiments have shown that the antigen which is not precipitated in the equivalence zone is bound to antibodies in the form of a soluble complex. This proves the existence of both precipitating and non-precipitable antibodies in the antisera to gelatin and its various derivatives.
It appears from this investigation that the attachment of a very limited amount of tyrosine residues enhances dramatically the antigenicity of gelatin, without essentially changing its antigenic specificity. This may serve indirectly as an additional proof of the antigenicity of unmodified gelatin. On the other hand, an increase in the amount of tyrosine, or tyrosine and glutamic acid, bound to gelatin results in changes not only in the extent of antigenicity but also in the serological specificity of the gelatin derivatives obtained. The question arises in these cases whether gelatin still contributes in any way towards the immunological properties of the new antigens. An answer to this question may come from a study of the antigenic properties of synthetic molecules composed of peptides or copolymers, but containing no protein moiety.
SUMM[ARY 1. Three polytyrosyl gelatins differing in their tyrosine content, as well as a gelatin enriched with both tyrosine and glutamic acid, were synthesized and tested for their antigenicity in rabbits. All antisera gave positive precipitin tests.
2. The extent of the antigenicity of the gelatin derivatives investigated depends on the amount of tyrosine attached. As little as 2 % of tyrosine suffices to enhance strongly the antigenicity of gelatin.
3. The serological specificity of the gelatin derivatives changes strongly as a function of their tyrosine content. The specificity of compounds rich in tyrosine resides almost exclusively in the peptide chains attached, whereas it resides essentially only in the gelatin moiety in the derivative containing only 2 % of tyrosine residues.
4. The attachment to gelatin of the polar glutamic acid in addition to tyrosine yielded an antigen of very narrow specificity.
5. Electrophoretic experiments have shown that the antigen which is not precipitated in the equivalence zone is bound to non-precipitable antibodies in the form of a soluble complex.
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